ABSTRACT: Lithium aluminum oxide (γ-LiAlO 2 ) has been discussed and used for various applications, e.g., as electrode coating, membrane, or tritium breeder material. Although lithium-ion diffusion in this solid is essential for these purposes, it is still not sufficiently understood on the microscopic scale. Herein, we not only summarize and assess the available studies on diffusion in different crystalline forms of γ-LiAlO 2 , but also complement them with tracerdiffusion experiments on (001)-and conductivity spectroscopy on (100)-oriented single crystals, yielding activation energies of 1.20(5) and 1.12(1) eV, respectively. Scrutinous crystal-chemical considerations, Voronoi− Dirichlet partitioning, and Hirshfeld surface analysis are employed to identify possible diffusion pathways. The one-particle potential, as derived from hightemperature powder neutron diffraction data presented as well, reveals the major path to be strongly curved and to run between adjacent lithium positions with a migration barrier of 0.72(5) eV. This finding is substantiated by comparison with recently published computational results. For the first time, a complete model for lithium-ion diffusion in γ-LiAlO 2 , consistent with all available data, is presented.
■ INTRODUCTION
For more than three decades, γ-LiAlO 2 has been discussed for or implemented in a broad variety of applications: as a coating for lithium-conducting electrodes, 1, 2 as an additive in composite electrolytes, 3 as a template for epitaxial growth of III−V semiconductors, 4 as a membrane material for molten-carbonate fuel cells, 5 and as a tritium-breeder material in fusion reactors. 6, 7 Despite being the crucial process for these purposes, lithium diffusion in this poor ion conductor is not yet fully understood on the microscopic scale.
Six polymorphs of lithium aluminum oxide have been announced so far: hexagonal α-(R3̅ m, NaCrS 2 type), orthorhombic β-(Pna2 1 , β-NaFeO 2 type), tetragonal γ-(P4 1 2 1 2/P4 3 2 1 2, γ-LiAlO 2 type), tetragonal δ-(I4 1 /amd, α-LiFeO 2 type), cubic ε-LiAlO 2 (I4 1 32 , structure unknown), and a dubitable monoclinic phase (P2/m, structure unknown). 8 Among these, only the structures of the α-, 9 γ-, 10,11 and δ-phase 12 have been soundly established using diffraction techniques. Being the most stable form under ambient conditions, γ-LiAlO 2 was discovered by Weyberg in 1906, 13 but its powder X-ray diffractogram had not been indexed before 1951. 14 In 1965, the structure was finally elucidated using powder neutron and single-crystal X-ray techniques. 10, 11 In γ-LiAlO 2 , distorted MO 4 tetrahedra (M = Al, Li) form a three-dimensional network. Each tetrahedron shares one edge with a tetrahedron containing a metal ion of the other sort. In these pairs, each vertex is shared with two additional tetrahedra, one of each kind. This topology gives rise to small, roughly hexangular channels along the ⟨100⟩ directions and larger, roughly quadrangular channels along [001] (see Figure 1) . Voids constitute the latter by forming two interpenetrating chains of empty, strongly distorted edge-sharing octahedra (type A). Alternatingly, less distorted ones (type B) share faces with the type-A voids along ⟨100⟩ and give rise to the hexangular channels.
Since the 1980s, several experimental studies have dealt with lithium-ion migration in γ-LiAlO 2 , associated jump rates, diffusivities, and activation barriers (see Table 1 ). The methods of choice have mainly been conductivity spectroscopy (CS) and nuclear magnetic resonance (NMR) techniques. Unfortunately, these have not given fundamental insight into the actual migration pathways, although some characteristics have been proposed: The lower activation barriers (0.7−0.8 eV) have been attributed to a process involving extrinsic defects generated by impurities, the higher ones (1.0−1.3 eV) to a process involving intrinsic defects generated at higher temperature. 15 Indris et al. assumed that the lower barrier, as monitored by 7 Li NMR spin−lattice (T 1 ) relaxation, is due to correlated lithium-ion movement via a vacancy mechanism. The actual jump path may be longer than the distance to the nearest lithium site and comprise interstitial positions or channels, leading to a complex dependence of the activation barrier extracted from the low-temperature flank of the diffusion-induced 1/T 1 (T) peak. 16 On the basis of Raman spectroscopy, the movement of a lithium ion from its coordination tetrahedron to a vacant site or interstitial position has been proposed. 17 This suggestion has been substantiated by results of single-crystal neutron diffraction hinting at a strongly curved migration pathway between adjacent lithium sites. 18 Finally, introducing defects by high-energy ball milling (under partial amorphization or transformation into the high-pressure α-/δ-phase) as well as amorphization by ion-beam sputtering 19 have been shown to decrease intrinsic activation energies. The generation of octahedral coordination sites, which are also present in the high-temperature phases, has been speculated to play a major role in these processes. 20 Recently, some of us performed a theoretical investigation of lithium-ion diffusion and obtained activation energies in the range of 0.64 to 1.71 eV depending on the local environment. 21 In an earlier molecular dynamics (MD) simulation, an activation barrier of only 0.52 eV was calculated for lithium self-diffusion in an ideal crystal. 22 In this work, we extend the range of experimental methods by adding (macroscopic) tracer-diffusion measurements. Furthermore, we present a consistent model of actual lithium-ion diffusion pathways and their activation barriers based on results of high-temperature neutron diffraction.
■ MATERIALS AND METHODS
Syntheses. For the tracer diffusion experiments, about 20 nm thin isotope enriched [ 6 Li]AlO 2 films were deposited on commercial (001)-oriented γ-LiAlO 2 single crystals (CrysTec, Berlin) as a tracer source by ion-beam sputtering. Sputtering was carried out using a commercial setup (IBC 681, Gatan) equipped with two penning ion sources. The deposition was done at 5 keV and at 220 μA in argon at an operation pressure of 5 × 10 −5 mbar. The base pressure was better than 5 × 10 −7 mbar. The sputter process was carried out at room temperature and no significant heating of the substrate took place. 7 Li, Eurisotop). After subsequent ball milling of the powder mixture in a "SPEX 8000M" shaker mill, pellets of 1.6 cm in diameter were pressed and heated to 973 K with a rate of 2 K min −1 . The reaction step was followed by a sintering process at 1173 K for 12 h, which yielded polycrystalline dense targets. In order to account for loss of lithium in the sputtering process, the molar ratio of oxide and carbonate was chosen as 5:6.
For the diffusion experiments, the single crystals with tracer layer on top were annealed in an argon atmosphere using a commercial rapidannealing setup (AO 500, MBE, Germany).
γ-LiAlO 2 powder for diffraction was prepared at 1373 K by a solidstate reaction. Li 2 CO 3 (99.997%, Aldrich) and α-Al 2 O 3 (99.98%, Alfa Aesar) were used as starting materials in a molar ratio of 1:1. The powders were carefully mixed and pressed into pellets. The samples c Spin−lattice relaxation in the laboratory (T 1 ) and rotating frame (T 1ρ ), decay of spinalignment echoes (SAE).
d Extrema for pure phases during gradual high-energy ball milling.
e Coalescence of quadrupolar satellites. f Dynamic mechanical analysis.
were then slowly heated to 1373 K, annealed for 20 h and quenched in air by removing them quickly from the furnace.
The oxygen content of the powder was confirmed using a "LECO EF-TC 300" N 2 /O 2 analyzer (hot-gas extraction). Phase purity was confirmed by inspection of X-ray diffractograms recorded on a "PANalytical X'Pert PRO MPD" powder diffractometer in Bragg− Brentano (θ−θ) geometry equipped with Cu-K α source and a "PIXcel" detector.
Tracer Diffusion. Secondary-ion mass spectrometry (SIMS) investigations in depth profile mode on the [ 6 Li]AlO 2 -coated single crystals were carried out using a "Cameca ims 3f/4f" machine. Due to electrical charging during the measurements, we used an O − primary ion beam (15 keV, 50 nA). The sputtering area was of 250 × 250 μm 2 . For analysis of the isotopes in a double-focused mass spectrometer, the signal resulting from an area of about 60 × 60 μm 2 in the center of the sputtering area was used to exclude crater-edge effects.
The secondary ion intensities of the two lithium isotopes, I( 6 Li + ) and I( 7 Li + ), were recorded as a function of sputter time in depthprofiling mode. Since the two lithium isotopes are chemically identical (neglecting the small isotope effect), for diffusion analysis, the intensity of the signals was converted into 6 Li atomic fractions c according to the following:
Depth calibration of each sputter crater was realized by measuring the depth with a mechanical profilometer (Tencor, Alphastep).
Conductivity Spectroscopy. γ-LiAlO 2 single crystals were purchased from CrysTec (Berlin, Germany). For the experiments carried out at lower temperatures, silver conductive adhesive paste and platinum sheets (both Alfa Aesar) were used to apply electrodes on both polished sides of the wafer. Conductivity isotherms were recorded from 293 K on a "Novocontrol Concept 41" system ("Alpha-A" analyzer, active ZGS cell, "Novocool" cryosystem). Measurements were performed in dinitrogen atmosphere. The conductivity measurements carried out at higher temperatures are described elsewhere. 26 Powder Neutron Diffraction. Measurements were carried out at the FIREPOD instrument (E9) with Ge(511)-monochromated neutrons (λ = 179.82 [1] pm) in Debye−Scherrer geometry at Helmholtz-Zentrum Berlin f ur Materialien and Energie (HZB, Germany). The compacted powder samples were mounted in a vacuum high-temperature furnace inside a tantalum cylinder (d = 9.7 mm, h = 55 mm). Measurements were carried out at 345−1777 K with exposure times of several hours. Data were recorded with an array of eight "DENEX"
3 He-counter area-detectors yielding a final range of 0°≤ 2θ ≤ 142°with Δ(2θ) = 0.075°. At very high temperature, reflections of α-LiAlO 2 appeared, showing the presence of ca. 1% and 3% of this material at 1676 and 1777 K, respectively. Table 2 lists further experimental details.
For Rietveld refinement, a model was imported from the Inorganic Crystal Structure Database (ICSD) 27 and refined with JANA2006 against net intensities analytically corrected for absorption (cylindrical sample) using the full-matrix least-squares algorithm with fixed elements per cycle. 28 Regions containing the very strong reflections of the tantalum container were excluded from the refinement leaving a complex background, which was defined manually with 36−42 points interpolated using ten Legendre polynomials with refined coefficients. Peak profiles were fitted with a pseudo-Voigt function following the Thompson−Cox−Hastings approach. 29 Asymmetry was corrected for using the two-term Beŕar−Baldinozzi method. 30 All atoms were refined with anisotropic atomic displacement parameters, although B 13 = −B 23 had to be set to zero for the very static aluminum ion at 345 K. Additionally, the lithium atom was modeled anharmonically with terms up to the order of four. With the exception of D 1112 = D 1222 at 1475 K, which proved to be vital for a good fit, only statistically meaningful tensorial coefficients (≥3σ) were kept in the refinement. Because of strong correlation, B 12 , D 1113 , and D 3333 were fixed at the final stage for appropriate probability-density function (PDF) error estimation.
Structure graphics were produced using Diamond 3.2. 31 Analysis of the Hirshfeld surface under exclusion of lithium ions was performed using CrystalExplorer 3.1. 32 For Voronoi−Dirichlet partitioning analysis, Topos Pro 5.0 33 was employed in a standard procedure: After detection, too small elementary voids (spherical-domain radius R sd < 138 pm for lithium ions in oxide environments) and channels (adjacency radius R ad < 180 pm, 90% of typical LiO distance) as well as those not only determined by oxide ions (solid angle of interaction with aluminum ions Ω > 10% × 4π) were discarded. 34 Maps of the PDF illustrating time-and space-averaged atomic distributions were generated within JANA2006. Assuming independent single-particle motion governed by Boltzmann statistics, effective one-particle potential (OPP) barriers were calculated using the facilities of JANA2006, which include a Monte−Carlo method for error handling (10 000 iterations). 35 Maps for visualization were created with the in-house program CalcOPP 1.6.1. 36 Results were visualized using VESTA 3.3 (isosurfaces) 37 and OriginPro 2015 (plots). 38 ■ RESULTS AND DISCUSSION Tracer Diffusion. To gain access to the macroscopic diffusion behavior in γ-LiAlO 2 , we have investigated lithium self-diffusion in (001)-oriented single crystals between 473 and 723 K using SIMS. A thin layer of ion-beam sputtered 6 Lienriched lithium aluminum oxide has been used as a tracer source.
In Figure 2 , a characteristic example for the 6 Li atomic fraction c as a function of the sputter depth x as derived from SIMS measurements is given. During annealing for a time t, the 6 Li tracer penetrates the single crystal up to a characteristic diffusion length (usually several hundred nanometers). The tracer diffusivity is then determined using standard procedures: Depth profiles after diffusion annealing are fitted by a solution of Fick's second law for self-diffusion across an interface (thinfilm solution, see eq 2), 39 in which c 0 is the background 6 Li atomic fraction. The tracer diffusivity D T and the measure M for the amount of diffusing species are treated as fit parameters.
In this case, a diffusivity of In Figure 3 , the lithium tracer diffusivities determined in this way are plotted as a function of reciprocal temperature. They obey the Arrhenius law (k B : Boltzmann constant, T: temperature)
with an activation energy of E A = 1.20 (5) . Both quantities show values in the range of those known from other transition metal oxides.
Conductivity Spectroscopy. The Arrhenius activation energy for self-diffusion along [001] measured with tracer diffusion agrees very well with those derived from CS (see Table 1 ). Thus, both macroscopic techniques are sensitive to the same dynamic process almost independent of the orientation of the crystal.
To complement the available data with respect to crystal orientation and temperature range, we have monitored longrange lithium transport in a (100)-oriented γ-LiAlO 2 crystal using CS in the low-temperature (LT) regime. Corresponding data in the high-temperature (HT) regime have been taken from literature. 26 The isotherms recorded (real part of conductivity vs frequency, see Figures S1 and S2) are dominated by frequency-independent plateaus. The corresponding direct-current (DC) conductivities σ DC clearly refer to long-range ion transport. Since lithium ions are the only effective charge carriers, 23 the Nernst−Einstein relation was applied for the calculation of the solid-state diffusion coefficient D σ , assuming that the number density of charge carriers is given by the lithium-ion concentration (n: number density of mobile carriers, q: electrical charge):
As depicted in Figure 4 , the values thus obtained obey the same Arrhenius law throughout the whole temperature interval:
an overall activation energy of 1.12(1) eV is found. The tracer diffusion coefficients D T are shown for comparison. Since the diffusion coefficients, D T and D σ , are related via the Haven ratio H R , D T = H R D σ , it seems to be close to 1. H R ≈ 1 serves as an indication that, indeed, lithium is the only mobile species in γ-LiAlO 2 and that strong correlation effects are absent. For comparison, Debye-like ion transport was found for γ-LiAlO 2 single crystals by means of both electrical impedance spectroscopy and mechanical loss analysis, quite recently. 26 Combined with the available CS data from literature (see Table 1 ), these findings give rise to the following three conclusions:
• Long-range diffusion is essentially the same throughout the whole temperature range. • Taking into account different crystal orientations, no pronounced anisotropy of the activation energy is found. The same mechanism may be the cause for movement in all the examined crystallographic directions.
• The lower activation energies found for poly-, micro-, and nanocrystalline materials using conductivity spectroscopy at lower temperatures are indeed due to extrinsically generated defects. In single crystals, only (scarce) intrinsic defects play a major role, thus, leading to higher barriers. Nuclear Magnetic Resonance. Although this work includes no NMR studies, we want to shortly discuss the information on lithium diffusion, which has already been provided (cf. Table 1) , from an atomic point of view. In particular, activation barriers of ca. 0.7 eV have been derived for single-and polycrystalline samples from the temperaturedependent, diffusion-induced spin−lattice relaxation times (T 1 , T 1ρ ). These were obtained from the low-temperature flank of the peaks in semilogarithmic plots of T 1 −1 against the inverse temperature. As is well-known, 40 the low-temperature flank yields activation energies for local lithium jumps, which are generally expected to be lower than those obtained from the high-temperature flank of the 1/T 1 peak or DC conductivity data. Both represent long-range lithium ion motion.
Motional narrowing (MN) of the line width has been used to estimate activation barriers of 0.81−0.96 eV in single-and polycrystalline samples. Both the dipolar and the quadrupolar contributions to the NMR line shape get averaged upon heating, but the extent of averaging of each may be different. 41 Since one can use different fitting approaches for MN data, the obtained activation energies can have certain deviations and should be viewed as rough approximations. 42 A similar value of 1.12(1) eV has been deduced from the coalescence of quadrupolar satellites. Due to the different time scales of the latter methods, these results may also reflect the long-range lithium motion. Thus, taken with a pinch of salt, the data listed in Table 1 do not contradict our findings from tracer-diffusion and conductivity measurements.
Topological Analysis. After the initial characterization, we were interested in mapping the pathways of ultraslow diffusion in crystalline γ-LiAlO 2 experimentally. As heuristic approaches, we have chosen crystal-chemical considerations, the Voronoi− Dirichlet partitioning and the Hirshfeld surface analysis of the AlO 2 − framework to examine the void structure topologically. The latter two methods have already proven their value for battery materials and fast ion conductors. 34, 43 First, we have had a closer look at approximated crystal voids and their interconnection. In addition to the channels mentioned in the introduction, the voids of type B form chains of edge-sharing octahedra along [100]. The face-sharing tetrahedra in between them are, however, alternatingly filled with lithium and aluminum ions, thus, making them unavailable for migration. Geometrical data (see Table S1 ) show that voids of type B are less strongly distorted from ideal octahedra than those of type A, have nearly ideal center−oxide distances for lithium ions (d eff [Li Table 3 .
Those, that are crystal-chemically disfavored, have been rejected. The remainder was used to construct the following possible pathways between lithium positions (see Figure 5 ):
P 1 and P 3 are strongly curved and may be infinitely expanded by including more A or A/B sites (i.e., migration in a channel along [001] or ⟨100⟩, respectively), whereas P 2 is strictly linear and finite. The sheer length of P 3 and the large A−B distance make this path much less probable.
We have also subjected the structural model to Voronoi− Dirichlet partitioning of the AlO 2 − substructure according to the standard procedure as a more sophisticated method taking into account the size and nature of a migrating ion (see Figure  6 ).
The conduction pattern comprises the actual lithium positions as largest elementary voids. These are connected to their neighbors by significant elementary channels that coincide with P 1 , but exhibit more features and segments. The elementary channels branch into the quadrangular crystal Figure 5 . Proposed lithium diffusion pathways in γ-LiAlO 2 (yellow: P 1 , green: P 2 , blue: P 3 , gray: disfavored jumps; dashed lines: possible infinite expansions). Figure 6 , right), suggesting possible migration excluding the lithium positions (i.e., successive A → A′ → A″ jumps). The same feature may allow for conduction along ⟨100⟩ on helical pathways comprising two adjacent hexangular crystal channels (see Figure 6 , left). It is noteworthy that the pathway is strongly curved and neither of the Bcontaining paths P 2 and P 3 is reproducednor is any other type of elementary jump.
Chemistry of Materials
As another topological method, the analysis of the crystal void surface of the AlO 2 − framework (see Figure S3 ) corroborates the findings from the Voronoi−Dirichlet partitioning. The helical pathway along [001], giving also rise to the lithium-position comprising helix along ⟨100⟩, is clearly discernible. The void surface connects to a 3D network at an isovalue of 0.0045 × 10 −6 e pm −3 , which is in the typical range for closely packed structures.
Neutron Diffraction. Having an idea of the possible diffusion pathways, we wanted to acquire quantitative data, i.e., to learn about their potential barriers. For this purpose, neutron diffraction is an ideal tool: It yields high-resolution structural albeit time-and space-averageddata and is, in contrast to Xray diffraction, sensitive for light elements like lithium. From the data, a model may then be derived that contains information about the distribution of the lithium ions in the Debye−Waller factor (DWF). The inclusion of anharmonic terms in its description, e.g., using the Gram−Charlier expansion, grants models beyond the spherical (harmonicisotropic) or ellipsoidal (harmonic-anisotropic) approximations. 45 This enables the derivation of an accurate PDF F(u), describing the differential probability for the presence of a lithium ion in a given volume element. The PDF, on its part, allows for the calculation of an effective OPP V(u) as experienced by an average lithium ion (u: displacement from the reference position):
In this approach, every ion is treated as an individual Einstein oscillator subject to Boltzmann statistics in the classical limit [kT ≫ V(u)]. The maximum of the OPP along a certain path is the migration activation energy E m , not comprising the defect formation energy.
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The relatively short duration of powder neutron diffraction allowed us to collect temperature-dependent data from 345 up to 1777 K. In this range, the directional and volumetric thermal expansions behave linearly without anomalies (cf. Figure S4 ).
The data acquired at 345 and 1023 K (see Table 2 and Figure  S5 −S6) compare very well to those from the single-crystal measurements published before: 18 A split lithium position is not found at the lower temperature, but sets in at the higher one, being very much in tune with the transition from the extrinsic to the intrinsic region at T tr = 1036 K. The available high-angle diffraction data allowed for the modeling of the lithium ion including anharmonic terms at the reference position (x, x, 0).
To get reliable information about the diffusion pathways, it is however necessary to evaluate the behavior at a temperature high enough to warrant a sufficient migration. As the effects of a transformation to α-LiAlO 2 altered the diffractograms from 1575 K up, we have chosen the data set from the experiment at 1475 K (cf. Figure S7 ) for this purpose. In the course of Rietveld refinement, successively more parameters were added to describe the lithium DWF (harmonic-isotropic → harmonicanisotropic → third order anharmonic → fourth order anharmonic). Fourier-synthesis maps of the observed scattering-length density showed two separate minima close to the lithium reference position. However, refinements with the ion at a general position under symmetry breaking introduced too many intensity-dependent parameters. Nonetheless, the final model correctly describes the minima by means of higher order DWF terms. Remarkably, but not uncommonly, the anharmonic model did not significantly improve the fit before adding terms of the fourth order (cf. Table S2 , Figures S8 and S9) . A glance at the Figure 7 sheds light on this matter: Only the higher-order terms allow for modeling of arm-like structures stretching out into the channels toward neighboring lithium positionsjust as hinted at by the topological methods.
By searching the vicinity of straight connections, we have evaluated slightly curved pathways of minimal OPP for the probable elementary jumps and for the direct jump from one lithium position to an adjacent one (see Table 4 ). The optimal (lowest migration barrier) path between neighboring lithium ions is strongly curved in two dimensions, traverses a type-A void, but does not include its center (see Figure 8) . This is consistent with the path that has been estimated on the basis of single-crystal neutron diffraction before. 18 Judging from the high and uncertain migration energies of jumps including type-B voids, these may not be part of actual pathways (thus, excluding P 2 and P 3 ). Nearly straight jumps between two adjacent lithium sites seem possible, but are disfavored in comparison with the optimal curved path. Although P 1 has a markedly higher migration barrier (with A ⇄ A′ being the limiting step), it must be taken into account as a possible minor pathway. The method of evaluation suffers from overestimating barriers far away from reference positions (i.e., near the void centers). Bearing this in mind, the found paths agree well with those proposed by topological considerations even if they are not superimposable (the latter fact is due to the void analyses not considering any attractive or repulsive electronic effects, but rather the atoms' spatial arrangement only). Direct jumps on curved paths make up the major, migration along the channels in [001] a possible minor mechanism.
Chemistry of Materials
The migration barrier for the former allows estimating the formation energy E f for mobile defects: E f = E A − E m ≈ 1.20 eV − 0.72 eV = 0.48 eV. This value seems very low in comparison to, e.g., the 2.53/2.12 eV (measured/calculated) for lithium Frenkel-defect formation in Li 2 O. 47 For γ-LiAlO 2 , energies of the same magnitude would be expected, so that a Frenkel mechanism can be ruled out in this case. Our low assessed value may be due to preformation at boundaries of polysynthetic growth twins by inversion, which are highly abundant in γ-LiAlO 2 crystals grown using the Czochralski method (like the ones used in our studies). 48, 49 The energetics of lithium-ion transport in oxidic materials have already been shown to be substantially altered by the presence of twin boundaries, both experimentally (for SnO 2 nanowires) 50 and computationally (e.g., for LiCoO 2 ). 51 In addition, a very recent analysis of the material's defect structure shows that lithium vacancies, introduced by transition-metal impurity ions on cation sites (e.g., by iron(II) on a lithium position), play a major role. 52 The authors of the study postulate that "large concentrations of these lithium vacancies are introduced into the crystal during growth." If this is indeed the case, then a low formation energy for mobile defects, as estimated by us, is to be expected.
Computational Methods. To rationalize our findings so far on a still more fundamental level, we have interpreted a computational investigation of various lithium diffusion pathways recently published by some of us in the framework of this study. 21 Formally introduced by removing an electroneutral atom, lithium deletions cannot be abundant defects under ambient conditions, as they would require local formation of unstable oxygen(−I) species. Frenkel defects are more likely to occur and could, in contrast to impurity substitution, readily be modeled. Test calculations have shown that the placement of the interstitial lithium ion into type-B voids leads to more stable configurations than placing them into type-A voidsbut only by a very small energy difference.
In the aforementioned study, lithium ions were made to migrate from their regular coordination tetrahedra to a first (Li′), second (Li″), or third (Li‴) nearest neighboring vacancy. In order to verify the effect of local defect structure on migration energies, the distances between the interstitial lithium ion, vacancy, and the migrating ion were varied. For Li ⇄ Li′/ Li‴, the lowest migration barriers were found for the largest distances to the interstitial lithium ion (situated at a type-A site). For Li ⇄ Li″, the contrary proved to be valid. As a minimal effect on migration is expected with the interstitial lithium ion at the largest distance to the vacancy (thus, mimicking a vacancy introduced by impurity doping), Table 5 lists migration distances and barriers for these situations. The transition state (TS) for Li ⇄ Li′ corresponded to a distorted tetrahedron with two shorter (180 and 186 pm) and two larger (253 and 263 pm) LiO distances (average for a regular tetrahedron: 200 pm). In this configuration, the migrating ion occupied the exact middle of a straight line connecting Li and Li′, bisecting an edge of the lithium coordination tetrahedron. This indicates a path equal to the experimentally investigated Li ⇄ Li′ jump with its OPP maximum coinciding with the aforementioned position. The computed migration barrier (0.64 eV) is reconcilable with the experimental one (1.06(25) eV). London dispersion was found to have a non-negligible effect on the calculated migration barriers. By means of Grimme's DFT-D3(BJ) correction, 53 the TS for Li ⇄ Li′ was recalculated. The barrier increased by 0.05 to 0.69 eV. Even though the optimal, strongly curved path with E m = 0.72(5) eV avoiding the crossing of a tetrahedron edge was not found by computation, it made clear that a direct jump from a lithium position to an adjacent vacancy is the energetically preferred migration process in γ-LiAlO 2 .
Along the path Li ⇄ Li″, the migrating lithium ion passed through a distorted type-B octahedron to the nearest regular lithium site. In the TS, all the LiO bonds were in the range of 200−220 pm. This path thus identifies as P 2 ; the TS lithium position roughly coincides with the experimental maximum position in a Li ⇄ B jump. With 2.55(48) eV/1.71 eV, the experimental and computed migration barriers are reconcilable. (The larger central value and the large uncertainty are due to the fact that the OPP method systematically overestimates barriers far from the lithium ions' reference positions.) Qualitatively, the outcome is clear in both cases: P 2 is energetically disfavored and, thus, not part of the migration pattern.
In the TS for Li ⇄ Li‴, the migrating lithium ion was octahedrally coordinated at a type-A site with the LiO distances ranging between 200 and 260 pm. The weaker cation−lithium repulsion along this path led to a lower calculated migration barrier compared to Li ⇄ Li″. Its TS structure identifies the lengthy path as Li ⇄ A′ ⇄ Li‴, which has been excluded from our experimental investigation due to two unfavorable jumps through a LiO 4 face under a very acute angle (cf. Table 3 ).
■ CONCLUSIONS
Our scrutinous investigations and careful evaluation of hitherto published studies allow us to present a complete, coherent model for lithium-ion diffusion in γ-LiAlO 2 .
In semiquantitative accordance with computational results, temperature-dependent neutron diffraction showed migration to mainly occur via jumps between lithium positions and adjacent vacancies along a pathway strongly curved in two dimensions (migration barrier: 0.72 [5] eV). A longer-range transport first into the channels in [001] (0.87 [4] eV), then along them (1.28 [13] eV) is possible, but would be less favored. Both pathways have components along all the principal directions ⟨100⟩ and [001]. Other hypothetical jumps, which were not examined using diffraction, had been ruled out using straightforward crystal-chemical considerations and rigorous topological analyses.
For different time scales and over a broad temperature range, conductance spectroscopy and the first tracer-diffusion studies on γ-LiAlO 2 single-crystals (in (100)-and (001)-orientation, respectively) yielded superimposable solid-state diffusion coefficients/tracer diffusivities and reconcilable activation energies (1.12 [1] eV and 1.20 [5] eV, respectively). These are comparable to those acquired in former studies on differently oriented single-crystals, being tetragonal and, thus, per se anisotropic. Essentially, the same microscopic process, having components in all principal directions, must be responsible for lithium migration: we attribute it to the direct jump into an adjacent vacancy along the found curved path.
The comparison to measurements on powders suggests that there are two basic possibilities of defect formation as a prerequisite for ion migration. In defect-rich forms like powders, extrinsic activation barriers of 0.7−0.8 eV are found (in good agreement with the migration barrier of 0.72 [5] eV from OPP evaluation). Herein, the high abundance of defects with different dimensionalities enables migration without mentionable defect formation barrier. The "intrinsic" activation energy of 1.0−1.2 eV for long-range diffusion, as also present in single crystals, is in fact only quasi-intrinsic: Structural defects e.g., twin boundaries or impurity dopants like iron(II)are present, albeit in lower concentration. The relatively small formation energy of only 0.48 eV does not allow generating mobile defects from ideal domains, but from preformed structural defects in ample amounts. 
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